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monotonic tensile tests, aimed at determining the static mechanical properties
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of the investigated nano-reinforced AMC and defining suitable load levels for
subsequent cyclic tests. Fatigue life tests are then carried out under cyclic
tensile loading at a fatigue ratio of 0.10, while fatigue crack propagation tests
are performed at different fatigue ratios, namely 0.10, 0.50 and 0.75. To
support the mechanical interpretation of the results, fracture surfaces are
examined through optical macrographs and high-resolution scanning electron
microscopy, allowing the main crack propagation and failure mechanisms to
be identified. The experimental findings are compared with literature data
available for both unreinforced aluminum alloys and ZrO»-reinforced AMC.
The main novelty of the study lies in the integrated analysis of fatigue life,
crack propagation behaviour and fractographic evidence within the same
experimental framework. To the best of the authors’ knowledge, such a
comprehensive investigation has not yet been reported in the literature for the
composite system examined herein. While previous investigations often
considered S-N fatigue response and fatigue crack propagation separately, the
present work bridges these two aspects, providing a more complete
description of damage evolution in ZrOs-reinforced Al7075 AMCs. This
integrated dataset offers useful experimental support for the calibration and
validation of fatigue damage models for nano-reinforced AMCs operating
under service-like cyclic loading conditions.

KEYWORDS. Al7075, Crack propagation, Fatigue life, Nanocomposite, ZrO..

INTRODUCTION

consisting of a ductile metallic matrix - typically aluminum, magnesium, titanium, or steel - and at least one

reinforcement phase, generally a harder metallic or non-metallic material in the form of continuous or short
fibers, particles, or whiskers [1]. As a matter of fact, traditional metallic materials, despite their good mechanical properties,
may exhibit limitations in demanding operating conditions involving high temperatures, wear, and corrosive environments
[2,3]. The incorporation of reinforcing phases can significantly enhance the strength-to-weight ratio, wear and corrosion
resistance, thermal stability, and tailoring capability of the resulting composites [4-8], making MMCs highly attractive for
applications in sectors such as aerospace, automotive, electronics, and defence [9,10].
The interaction between the matrix and the reinforcement plays a crucial role in determining the final properties of MMCs
[11,12]. Therefore, the fabrication route is of primary importance. MMCs can be produced through liquid-state processes,
such as stir casting, or solid-state processes, such as powder metallurgy. In both cases, achieving a uniform reinforcement
distribution while limiting particle clustering is essential to ensure consistent mechanical properties [13].
Among MMCs, Aluminum Matrix Composites (AMCs) are widely employed in the aforementioned sectors, where weight
reduction without compromising strength and durability is essential [14]. In such a context, significant progress has been
made in incorporating nanoparticles, like carbides, oxides and nitrides (with a size less than 100nm), into aluminum alloys,
enhancing fatigue strength, wear resistance and hardness [14]. Examples of carbides include SiC (silicon carbide), B4C (boron
carbide) and TiC (titanium carbide) [5,6,11], while oxides include ALOj; (aluminum oxide), ZrO; (zirconium oxide), and
TiO: (titanium oxide) [6,12,14,15]. Nitrides often employed include SizNy (silicon nitride), TiN (titanium nitride) and AIN
(aluminum nitride) [16].
In the recent years, several studies have been carried out on the effect of nanoparticle addition in aluminum matrices [5,6,14-
10]. For instance, the tensile strength, hardness and wear resistance of a hybrid AMC made of an Al7075 matrix reinforced
with SiC nanoparticles and neem leaf powder were investigated by Hatti et al. [5]. They observed an increase in hardness
and a general improvement in the composite mechanical properties, which they attributed to the strong interfacial bond
between the matrix and the uniformly dispersed particles. Prakash et al. [6] studied a hybrid AMC consisting of an Al7075
matrix reinforced with different weight fractions of B4C and A, O3 nanoparticles, produced through the stir casting process.

D ] etal matrix composites (MMCs) are engineered materials composed of two or more constituent phases, primarily
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They found that, for the composite reinforced with 4.5% B4C and 2% AlOs, the addition of the nanoparticles, along with
heat treatment, led to improvements of approximately 3%, 17%, and 10% in tensile strength, hardness, and wear resistance,
respectively, compared to composites with lower reinforcement content. The physical, mechanical and tribological
properties of an Al6063 matrix reinforced with silicon nitride powder (ranging from 0 to 10 wt%) were, instead, analysed
by Kumar et al. [16]. According to their observations, the microstructure exhibited a uniform distribution of particulates in
the matrix and the hardness increased with the filler content as well as the tensile strength. Also, the resistance to wear was
significantly higher than that of the base aluminum alloy exhibiting excellent tribological characteristics.

Due to the time-varying in-service loading conditions characterising the sectors of application, AMC components are prone
to damage accumulation, fatigue crack initiation and propagation, and ultimately sudden fatigue failure [17,18]. Therefore,
the study of the fatigue behaviour of AMCs has attracted the attention of many researchers in recent years, as reported in
the interesting review by Malaki et al. [19].

In particular, both micro-sized [20-22] and nano-sized reinforcements [23,24] have been incorporated into aluminum alloy
matrix in order to improve its fatigue resistance. However, it has been demonstrated that, compared to micro-sized particles,
the AMCs with nano-sized particles (with sizes less than 100nm) exhibit greater fatigue performance [19,25,26]. For instance,
Senthilkumar et al. [25] investigated the low-cycle fatigue behaviour of an Al2014 matrix reinforced with either 10wt%
micro-sized AlOs particles or a hybrid reinforcement consisting of 8 wt% micro-sized and 2 wt% nano-sized Al,Os
particles, fabricated through hot extrusion. Low cycle fatigue tests were performed under strain-controlled, pull-push cyclic
loading conditions, primarily at a strain ratio of -1. The hybrid composite exhibited a higher fatigue life when compared to
the one with only micro-sized particles. This behaviour was attributed to the nano-sized reinforcement more effectively
restricting dislocation mobility through the Orowan strengthening mechanism, in which dislocations bow around the closely
spaced nanoparticles [14]. Moreover, the improved fatigue performance of nano-sized reinforcing AMCs compared to
macro-sized ones can be attributed to the exceptionally high aspect ratio of the former, marked by a large surface area
compared to their volume, which promotes extensive interfacial interaction between the matrix and the reinforcement [19].
Different nanoparticles, such as TiO», ZrB,, SiC, SisNy, and TiBo, have been added to the aluminum alloy matrix in order
to investigate their influence on the fatigue behaviour. Divagar et al. [27] investigated the fatigue strength of AMCs produced
via the stir casting process. The research involved reinforcing the base metal, represented by an Al7075-T651 matrix, with
varying volume fractions of SiC (5%, 10%, and 15%) and a constant 5% of ALO; nanoparticles. Rotary bending fatigue
tests were performed at different stress levels. The results showed that fatigue strength increased with increasing SiC particle
percentage up to 10%, with the composite containing 10% SiC and 5% Al,O3 exhibiting a 12% higher fatigue strength than
the base metal and other investigated nanocomposites. Jaber et al. [28] experimentally analysed the electrical conductivity,
magnetic, and fatigue properties of an Al6063-T4 matrix reinforced with 3, 5, and 7 wt% of TiO, nanoparticles. Fatigue
behaviour was assessed using rotating bending fatigue tests. The nanocomposite containing 7 wt% TiO, demonstrated
enhanced fatigue life and strength, showing a 13% increase in fatigue strength compared to the base metal. Zhang et al. [29]
performed cyclic tension—compression tests, under a fatigue ratio of -1, on an Al6111 matrix reinforced with 1, 2, and 3
vol% of ZrB; nanoparticles. The nanocomposites showed higher fatigue limits than the unreinforced alloy, with the 2 vol%
ZrB; nanocomposite achieving the highest fatigue limit of 125MPa, representing a 31.5% increase compared to the base
alloy. Agrawal and Srivastava [23] investigated the fatigue behaviour of an Al7075 matrix reinforced with SisNy and TiBs
particles, fabricated via stir casting. Various compositions were investigated, including 4 wt% SisNy with 2, 4, or 6 wt% TiB,.
High-cycle fatigue tests were performed under constant-amplitude cyclic tensile loading with a fatigue ratio of 0.1. The
addition of reinforcement particles significantly improved the fatigue performance and crack growth resistance of the
composites, with the nanocomposite containing 4 wt% SisN4 and 6 wt% TiB, exhibiting the longest fatigue life,
corresponding to a 128% increase compared to the base alloy.

Since the research in the field of AMCs fatigue is still open, the goal of the present paper is to thoroughly investigate the
fatigue behaviour of Al7075 matrix reinforced with zirconium dioxide nanoparticles (1.5 wt% ZrO»). To this aim, an
experimental campaign is carried out comprising preliminary monotonic tensile tests, performed according to the ASTM
E8/E8M-22 standard [30], in order to determine the static mechanical properties of the investigated AMC and to define
the reference load levels for the subsequent cyclic tests. Cyclic tensile tests are then performed at a fatigue ratio of 0.10, in
accordance with the ASTM E466-21 standard [31] for S-N curve determination. Finally, fatigue crack propagation tests are
conducted under different fatigue ratios (0.10, 0.50, and 0.75), according to the ASTM E647-23a standard [32] for the
determination of fatigue crack propagation rate curves.

Moreover, for the specimens tested to determine the S-N curves, the fracture surfaces are examined through high-resolution
Scanning Electron Microscope (SEM) images in order to identify the preferential fatigue crack-initiation sites and the main
features associated with fatigue failure. In addition, for the specimens tested in the fatigue crack propagation tests, the
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micromechanisms involved are investigated through detailed fractographic analysis of the fracture surfaces, based on both
optical macrographs and high-resolution SEM images, corresponding to different Stress-Intensity Factor (SIF) range levels.
Early results from this campaign are reported in Ref. [33]; however, the present study provides a substantially expanded
experimental dataset. The key innovation of this study lies in the simultaneous investigation of fatigue life and fatigue crack
propagation behaviour, an approach that has rarely been addressed in the existing literature. To the best of the authors’
knowledge, no previous study on ZrOs-reinforced Al7075 metal matrix composites has reported both experimental S—N
fatigue curves and crack propagation data within the same integrated experimental program. By combining lifetime
estimation with crack propagation analysis within a unified experimental framework, a more comprehensive understanding
of damage evolution under cyclic loading is achieved. This dual-focus methodology enhances the interpretation of material
behaviour and provides unique experimental data for the calibration and validation of numerical fatigue models, particularly
in the context of nano-reinforced aluminum matrix composites operating under vatiable service conditions.

The paper is, hence, structured as follows. Section 2 is devoted to the AMC characterisation - by means of both a chemical
and a microstructural analysis - and to the desctiption of the experimental static and fatigue tests performed on the AMC.
Section 3 deals with the discussion of the obtained results in terms of static tensile curves, S-N curve, and fatigue crack
propagation rate curves, together with optical macrographs and SEM images of the fracture surfaces. In Section 4, the
results are compared with data available in the literature, while the main conclusions are summarised in Section 5.

MATERIAL CHARACTERISATION AND TESTING METHODS

Material characterisation
T he nanocomposite investigated in this study is a commercial AMC based on an Al7075 alloy, reinforced with 1.5
wt% ZrO; nanoparticles with an average particle size of 40nm.

Its chemical composition, determined by using an optical emission spectrometer, is shown in Tab. 1, being
dominated by aluminum (89.23 wt%), with significant additions of zinc (5.50 wt%) and magnesium (2.40 wt%), consistent
with 7xxx-series aluminum alloys known for high strength through precipitation hardening. Copper (1.22 wt%) further
enhances mechanical performance. Minor elements such as iron, silicon, manganese, and chromium contribute to improving
castability, corrosion resistance, and microstructural stability. Titanium (0.10 wt%) is added for grain refinement. The overall
zirconium content of 0.15 wt% supports thermal stability and resistance to recrystallization.

Zn Mg Cu Fe Si Mn Cr Zr Ti Al
5.50 2.40 1.22 0.50 0.40 0.30 0.20 0.15 0.10 Bal.

Table 1: Chemical composition of the examined AMC, expressed as weight percentage.

The AMC microstructure is analysed by using an optical microscope. The sample is prepared for the microstructure analysis
following the standard procedure. After cutting the sample from a plate through an abrasive disk saw, it is mounted in
phenolic resin and ground through a grinder equipped with a silicon carbide disk. This operation is carried out in several
steps using abrasive papers with grit sizes ranging from P320 to P1200. Afterwards, the sample is polished using a diamond
aqueous suspension applied with a felt disk. To reveal the microstructure, the sample is etched according to the ASTM
E407-07(2015)el standard [34]. In particular, the etchant number 6 is used, with the sample immersed in a heated solution
of nitric acid and water and rinsed in cold water after 40s.

In addition, SEM—EDX analysis is performed on a polished and etched sample to investigate the presence of non-metallic
inclusions and possible ZrO; nanoparticle agglomerates. The sample is prepared following the same metallographic
procedure adopted for optical microscopy, including cutting, mounting in phenolic resin, grinding with silicon carbide
abrasive papers from P320 to P1200, polishing with an aqueous diamond suspension and etching in accordance with ASTM
E407-07(2015)el [34]. The polished surface is then examined by scanning electron microscopy, while energy-dispersive X-
ray spectroscopy is used to determine the elemental composition of the observed particles.

As shown in Fig. 1(a), the grains exhibit a layered or banded structure resulting from the lamination process applied during
plate manufacturing. Indeed, the plastic deformation induced by the rolling process elongates the grains along the rolling
direction, resulting in an average grain size of approximately 250 pm in the rolling direction and about 25-50 ym in the
through-thickness direction. Grain size is quantitatively evaluated using the linear intercept method in accordance with the
ASTM E112-13(2021) standard [35], measuring a statistically significant number of grains along both directions. The
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pronounced grain elongation suggests the development of a typical rolling-induced texture, which is expected to contribute
to anisotropy in the mechanical response of the material.

SEM-EDX analysis (Fig. 1(b)) reveals the presence of non-metallic SiO» inclusions, whereas no agglomerates of ZrO»
nanoparticles are observed.

=10 ym—

Figure 1: Microstructural characterisation of the AMC: (a) optical micrograph showing the grain structure; (b) SEM image revealing non-
metallic SiO; inclusions.

Static tensile tests

The quasi-static mechanical properties of the AMC are determined through tensile tests, according to the ASTM E8 /E8M-
22 standard [30]. The specimens are machined from a plate having a thickness of 10mm. The sizes of the specimens are
shown in Fig. 2.

A universal testing machine equipped with a 100kN load cell is used to perform the tests. Each specimen is secured in the
machine wedge grips, and the testing apparatus is zeroed to avoid undesired preloads. The crosshead speed is set to
1.2 mm/min, corresponding to an apparent strain rate of 0.015 min-!. Three specimens are tested.

e
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Figure 2: Tensile tests: geometry of the AMC specimen (sizes in mm).

Cyclic tensile tests

The fatigue behaviour of the AMC is investigated through force-controlled constant amplitude axial fatigue tests, according
to the ASTM E466-21 standard [31]. The specimens are machined from the aforementioned plate; however, in this case,
the thickness is reduced to 4mm to comply with the standard specimen dimensions. The sizes of the specimens are reported
in Fig. 3.

N
©
&

¥ 63.0 ¥ jgj(

Figure 3: Cyclic tensile tests: geometry of the AMC specimens (sizes in mm).
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For each test, the specimen heads are secured on the testing machine through special jaws that prevent slippage.

A cyclic axial tensile load is applied, being characterised by a sinusoidal shape, with a frequency of 80 Hz, and a fatigue ratio
R =0.10 . Ten stress levels are selected, defined in terms of maximum stress as percentages of the ultimate tensile strength
(from 55% to 6%). Three fatigue tests are conducted at each stress level. Each test is terminated either upon specimen
failure or when the number of loading cycles reaches 2(10)°. However, if a run-out is observed, no further tests are
performed at that stress level, and testing proceeds to the next lower stress level.

Fatigue crack propagation tests
The fatigue crack propagation behaviour of the AMC is evaluated in accordance with ASTM E647-23a [32], allowing the
using the

fatigue crack propagation rate curve to be determined, as well as the threshold stress intensity factor range, AK,,,

load-shedding technique.

The samples used are standard C(T) specimens, whose sizes are reported in Fig. 4. The specimens are machined from the
same metal plate used for the tensile samples, with a thickness of 10 mm.

For these tests, the same testing machine used for the cyclic tensile tests is employed, but in this case, it is equipped with
pins specifically designed for the aforementioned specimens. For each test, the specimen is secured on the testing machine
through pins inserted in the specimen holes, and a clip gauge is mounted on the notch mouth, in order to measure the crack
length throughout the experiment using the compliance method.

Constant amplitude sinusoidal loading is considered, with a frequency of 30Hz and three different values of the fatigue ratio,
R, that is: 0.10, 0.50 and 0.75. Each specimen is precracked before testing to remove the effect of the machined notch and
obtain a sharpened crack.

The fatigue crack propagation rate curves are obtained using three specimens for each R value. For the determination of

AK

4 » the load-decreasing parameter, used in the load-shedding procedure, is set to -0.15 mm-!, with two specimens tested

under the same conditions.
50.0 .

A

11.0

2,5
#
w
3
48.0

40.0 10.0
¥ g Y

Figure 4: Fatigue crack propagation tests: geometry of AMC specimens (sizes in mm).

RESULTS AND DISCUSSION

Tensile behaviour
he results of the tensile tests are shown in Fig. 5, where stress is calculated based on the actual cross-sectional area
of the specimen, and apparent strain is derived from the crosshead displacement. The toe region, located at the
beginning of the curve and caused by specimen seating, is adjusted by extending the linear region to the zero-stress
axis. The intersection point is considered the correct zero-strain point, and all the apparent strains are measured from that
point.
The obtained stress-strain curves exhibit the typical behaviour of a ductile material, with an initial linear elastic region
followed by yielding, strain hardening, necking, and, finally, fracture. The yield strength is determined by using the offset

method by considering an offset of 0.2%. Therefore, the yielding stress, o, , is equal to 521 = 1 MPa, corresponding to

an elastic apparent strain of 3.87 £ 0.03%. The ultimate tensile strength, o, is equal to 584 * 1MPa, while the plastic
apparent strain is equal to 11.97 = 0.37%. The fracture strength, o, , is equal to 557 * 4 MPa.
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The obtained results exhibit minimal scatter, with the coefficients of variation calculated for o ,,, 0, and o, equal to

0.19%, 0.17%, and 0.72%, respectively.

Fig. 6 presents a macrograph of the fracture surface, characterised by a V-shaped morphology. The fracture location is close
to the centre of the gauge length.

600

500

400

300

STRESS [MPa]

200

100

Figure 5: Stress-strain curves under tensile loading.

S-N curve
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12 16
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Figure 6: Example of the fracture surface of a tested specimen
under tensile loading.

The cyclic tensile test results, in terms of applied stress amplitude, o, , and number of loading cycles to failure, N, are

presented in Tab. 2.

SPECIMEN
No.

1

0 1N Ul A~ LN

9

10
11
12
13
14
15
16
17
18
19
20
21
22

0,

[MPa]
145
145
145
65
65
65
50
50
50
40
40
40
35
35
35
29
29
29
27
23
19
15

7
[Cycles]
14302
18226
12370
48455
31010
40572
61206
81206
78336
46480
76480
48365
373685
350000
286420
1418755
1181120
1562030
Run-out
Run-out
Run-out
Run-out

Table 2: Fatigue tensile results: stress amplitude, o, , and number of loading cycles to failure, N /.
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The experimental results exhibit a certain degree of scattet, particulatly in the low/medium-cycle fatigue regime, reflecting
the inherent variability associated with fatigue crack initiation and early crack propagation. Such scatter can be attributed to
microstructural heterogeneities within the nanocomposite, including grain morphology induced by rolling, the distribution
of MgZn, precipitates, and local variations in ZrO, nanoparticle dispersion, which act as preferential sites for fatigue crack
initiation.

Considering that the tests are performed at a fatigue ratio R = 0.10 , the Basquin relationship is applied in conjunction with
the Morrow mean stress correction, according to:

o, =(0} —Gm)(ZN/-)b @

where O"f is the fatigue strength coefficient, o, is the mean stress and 4 the Basquin’s exponent.
To determine the material parameters o', and &, a nonlinear least-squares fitting procedure is adopted. By taking the
p f q g Pp p y g

logarithm of the Morrow-corrected equation (Eqn.(1)), the problem is reformulated as:

/ogLVLJ =b-log(2N ) ©

o,-0,
For each trial value of O'} , the exponent / is estimated through linear regression in the /og(ZN f) domain, and the
corresponding fitting error is evaluated.

The parameter o, is explored within a range of 100 — 580 MPa using a step of 10 MPa. To exclude oligocyclic fatigue
cffects, only experimental data corresponding to 2N, > 5(10)* are considered in the fitting procedure. The optimal

parameter set is identified by minimising the least-squares error between experimental and predicted stress amplitudes. The
minimum etror, equal to 8 MPa, is obtained for 4 =—-0.2004 and O';, =580 MPa.

The S-N curve is reported in Fig. 7, along with the 10% — 90% scatter band. Using this curve, the stress amplitude
corresponding to N , = 2(10)° number of loading cycles is calculated by accounting for the mean stress effectat R =0.10 ,

vielding o, = 26 MPa. This relatively low fatigue strength may be attributed to the non-metallic inclusions obsetrved in Fig.

1(b), which can act as local stress concentrators and preferential sites for fatigue-crack initiation, thereby reducing the fatigue
life of the nanocomposite.

100

STRESS AMPLITUDE ,
o, [MPa]

Lo Lo |
510*  10° 10° 4-10°
NUMBER OF REVERSALS
TO FAILURE, 2N, [reversals]

-
o

Figure 7: Stress amplitude, o, , versus the number of reversals to failure, 2N 7oAt R =0.10. The solid line represents the Morrow-

corrected Basquin fit, whereas the dashed lines delimit the 10% - 90% scatter band.
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This interpretation is supported by the fracture surface analysis. As shown in Fig. 8, for specimen No. 18 (see Tab. 2), tested
at a stress amplitude of 29 MPa, the fatigue crack appears to have initiated from a localised region close to the specimen
surface, highlighted in the low-magnification SEM image and further detailed at higher magnification. The location of this
region at the specimen edge, together with the apparent development of the fracture surface away from it, indicates a
preferential crack-initiation site. This behaviour may be related to local stress concentration effects associated with
microstructural heterogeneities, such as non-metallic inclusions, as previously observed in Fig. 1(b). Similar initiation
features are also observed in the other tested specimens, suggesting that fatigue crack initiation is generally promoted by
local microstructural heterogeneities.

) SN
100 pm -

Figure 8: SEM analysis of the fracture surface of specimen No. 18, tested at a stress amplitude of 29 MPa: low-magnification image
showing the overview of the fracture surface and the localised near-surface region where fatigue crack initiation is assumed to have
occurred; high-magnification image providing a detailed view of the identified initiation region.

Tests on unreinforced specimens have not been carried out in this study, since the fatigue behaviour of Al7075 has been
extensively investigated in the literature. The fatigue response is compared with that of the unreinforced Al7075-T6 alloy in
the “Fatigue Behaviour” section.

Fatigue crack propagation behaviour
The fatigue crack propagation rate curves obtained from the three replicate tests performed for each fatigue ratio have

shown negligible scatter, as illustrated, for example, for R = 0.50 in Fig. 9(a), where the crack growth rate, da/dN , is
reported against the Stress-Intensity Factor (SIF) range, AK. Therefore, for clarity, only one tepresentative curve for each
fatigue ratio is reported in Fig. 9(b).

Usually, three distinct stages can be identified in the da/dN - AK diagram.

- Stage I (threshold stage): the crack growth rate is extremely low as AK approaches the threshold SIF range, AK,, .

An accurate determination of AK,,,

for a given fatigue ratio, requires specific experimental procedures, such as the
load-shedding technique.

- Stage II (Paris stage): in the bilogarithmic da/dN - AK representation, a linear relationship is obsetved, which can
be effectively described by the Paris law and provides a reliable interpolation of the experimental data.

- Stage III (final fracture stage): a rapid acceleration of the crack growth rate occurs, leading to unstable crack
propagation and eventual specimen failure. This regime follows the end of the Paris region and is typically reached
within a limited number of loading cycles.

With reference to Stage I, Fig. 9(b) shows that, for R =0.75, a threshold SIF range of approximately 2.2 MPam®5 can be
estimated.
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With reference to Stage 111, a marked acceleration of the crack growth rate da/dN is observed in Fig. 9(b) exclusively for

R =0.50, culminating in a final SIF range of approximately 13 —14 MPam®>, corresponding to a fracture toughness of
26 — 28 MPam?>.
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Figure 9: Fatigue crack propagation rate curves, da/ dN vs. AK: (2) results obtained from the three replicate tests performed at R =

0.50 and (b) representative curves for the three investigated fatigue ratios (R =0.10, 0.50, 0.75). The relationships between the
characteristic lengths, namely cyclic plastic radius, 7., and striation spacing, A, and the applied SIF range, AK, ate also reported.

With reference to Stage 1I, instead, the crack propagation behaviour can be further subdivided into distinct sub-stages,
hereafter referred to as Sub-Stages Ila (immediately following Stage I), IIb (intermediate between Ila and Ilc), and Ilc
(immediately preceding Stage III). For R=0.10 and 0.50, three sub-stages can be identified, each characterized by a
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different slope in the bilogarithmic da/ dN - AK representation. In contrast, for R =0.75, only two sub-stages are observed,

with Sub-Stage IIb being almost negligible.

By applying the Paris law (da/dN =CAK”) to each identified sub-stage, the corresponding parameters, namely the
exponent » and the coefficient /gC are determined. The results are summarised in Fig. 10 using a representation

commonly adopted in the literature, where /gC is plotted as a function of #, thus enabling a direct comparison among

the different fatigue ratios and crack-growth sub-stages.
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Figure 10: Values of /ggC and » for the sub-stages identified at the three investigated fatigue ratios.

The transition points (AK,da /dN), defined as the coordinates where the regression lines of two adjacent sub-stages

intersect, are reported in Tab. 3 for each examined R value.

SUB-STAGE I1

Fromatob From b to ¢ Fromato c
R AK da | AN AK da | dN AK da | dN
[MPam?3] [m/cycle] [MPam?0-3] [m/cycle] [MPam?©3] [m/cycle]
0.10 5.85 1.66 (10)8 7.22 1.22 (10)7 - -
050 413 9.46 (10)°  5.62 8.22 (10)8 - -

075 - - - :

3.30 9.56 (10)°

Table 3: Data points (AK,da / dN') marking the transition between adjacent sub-stages for R = 0.10, 0.50, and 0.75.

The occurrence of sub-stages characterised by different slopes within the Paris regime of fatigue crack propagation -
commonly referred to as multilinear behaviour - has been widely reported in conventional Al alloys subjected to various
heat treatments [36-38]. This behaviour is primarily attributed to changes in the dominant damage mechanisms, as well as
to the interaction between the crack tip plastic zone and the underlying microstructural features. Three main mechanisms

can be identified, as summarized below.
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One important mechanism is the transition in fracture behaviour from brittle to ductile with increasing SIF range, as
reported in Ref. [38]. At low load ranges, corresponding to low AK values (Sub-Stage I1a), the cyclic plastic zone size at the
crack tip is smaller than the material grain size. As a result, cyclic plastic deformation cannot dominate, and crack growth
occurs through a brittle mechanism, namely crystallographic fracture or cleavage. As AK increases toward intermediate
levels (Sub-Stage 11b), a transition regime is observed, in which the fracture path becomes irregular and wavy, reflecting a
mixture of cleavage features from the lower regime and emerging ductile features from the upper regime, without a single
dominant damage mechanism. Finally, at high AK (Sub-Stage Ilc), once the cyclic plastic zone becomes sufficiently large,
cyclic plastic deformation becomes the dominant damage mechanism, and the fracture surface becomes less irregulat,
showing extensive and well-developed ductile striations associated with alternating slip ahead of the crack tip.

Another mechanism is the interaction between the crack tip plastic zone and microstructural barriers [38]. It is proposed
that the multilinear behaviour is closely related to the interaction between the crack tip plastic zone and the physical obstacles
present in the alloy microstructure. Changes in the slope of the da /AN - AK cutve occur when the dimensions of the
plastic zone - cyclic or monotonic - become comparable to characteristic microstructural features, which act as barriers to
slip band transmission. For instance, transitions may occur when the cyclic plastic zone size approaches the average spacing
between particles. The transition to the fully ductile regime (Sub-Stage 1lc) is observed when the cyclic plastic zone becomes
comparable to or larger than the grain size, allowing cyclic plastic deformation to fully develop and leading to the formation
of well-defined fatigue striations.

In addition, the behaviour at higher crack growth rates is influenced by constraint loss associated with stress state transition
[37]. At higher crack growth rates, the multilinear behaviour is further influenced by a macroscopic transition in the fracture
plane, commonly referred to as the flat-to-slant transition. This transition is associated with a loss of constraint,
corresponding to a shift from a highly constrained plane-strain condition to a plane-stress state. In the former, crack growth
occurs on a flat fracture surface, whereas in the latter it progresses along a slanted path. This change in stress state is reflected
in a modification of the crack growth behaviour, leading to a variation in the slope of the da/dN -AK curve and
significantly affecting the effective SIF.

In the AMC investigated, ZrO3 nanopatticles act similarly to intermetallic phases in conventional alloys [36-38], governing
the interaction between crack tip plastic deformation and microstructural features. Ahead of the crack tip, two different
plastic zones have to be considered in the discussion of fatigue crack propagation micromechanisms. The first is the
monotonic plastic zone (identified by the radius, r,), where the nanocomposite undergoes plastic deformation

corresponding to the maximum value of the stress intensity factor, K, :

max

2

1 (K,
- ©)
ar\ o,

being & equal to 2 under plane stress conditions and to 6 under plane strain conditions, and o is the yielding stress.

The second is the cyclic plastic zone (identified by the radius, ), defined as the region within the monotonic plastic zone

that is subjected to repeated plastic deformation during each loading cycle. This represents the region where fatigue damage
accumulates:

2
1| AK
. =— Q)
ar 20'}

Based on the definitions of the monotonic and cyclic plastic zones, the corresponding values of AK, r,, and 7. associated

with the different sub-stage transitions are summarized in Tab. 4.

As shown in Tab. 4, the transition between sub-stages is associated with a progressive increase in both the monotonic and
cyclic plastic zone sizes. In particular, the transition from Sub-Stage I1a to Sub-Stage Ilc corresponds to significantly larger
plastic zones, consistent with the development of fully ductile crack growth mechanisms. This trend is in agreement with
the previously discussed mechanisms: the increase in plastic zone size promotes the transition from cleavage-dominated to
ductile fracture behaviour, enhances the interaction between the crack tip plastic deformation and microstructural barriers
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as their characteristic dimensions are approached, and contributes to the reduction of constraint associated with the
transition from plane-strain to plane-stress conditions.

SUB-STAGE II

Fromatob From b to ¢ From a to c
R Ak r, 7 AK % " AK % "
[MPam?©3] [um] [m] [MPam?-] [nm] [nm] [MPam®-3] [nm] [nm]
0.10 5.85 8.3 1.6 7.22 12.6 2.5 - - -
0.50 4.13 13.3 0.8 5.62 24.7 1.5 - - -
0.75 - - - - 3.30 34.1 0.5

Table 4: Values of SIF range, monotonic and cyclic plastic zone sizes associated with the transitions between fatigue crack propagation
sub-stages (ITa, IIb, and IIc), for R =0.10, 0.50, and 0.75.

The three sub-stages are also clearly identified through macrographs of the fracture surfaces (Fig. 11). In order to enhance
the visual contrast between different regions, the original images are processed and converted into 40-level grayscale images.
This procedure allows subtle variations in surface appearance to be highlighted, making the transitions between sub-stages
more evident.

For R=0.10 (Fig. 11(a)) and R =0.50 (Fig. 11(b)), three distinct regions can be observed along the crack propagation
direction, each characterised by a different grayscale level. These variations are consistent with the previously discussed
mechanisms: the transition from brittle to ductile fracture behaviour, the increasing interaction between the crack tip plastic
zone and microstructural barriers, and the progressive evolution of crack tip conditions with increasing AK . For R =0.75
(Fig. 11(c)), only a single transition in grayscale is observed, corresponding to the direct transition from Sub-Stage 1la to Ilc,
indicating the absence of a well-defined intermediate regime and reflecting a more rapid evolution of the governing
mechanisms.

—Final fracture
—Final fracture
I —Final fracture
I~ Sub-Stage lic
—Sub-Stage llc
I~ Sub-Stage IIb § [~ Sub-Stage lic
—Sub-Stage Ilb
—Sub-Stage lla —Sub-Stage lla Er—
_Precrack - Precrack
- _—Precrack

Figure 11: Macrographs of the fracture sutfaces, processed in 40-level grayscale to enhance contrast, for different fatigue ratios, R : (a)
0.10, (b) 0.50 and (c) 0.75.

The AK,, values obtained from the two teplicate tests performed for each fatigue ratio atre listed in Tab. 5.

It can be observed that the results exhibit a high degree of repeatability. In addition, for R = 0.75, the mean AK,, value
obtained from the threshold tests is 2.24 MPa m®5, which is consistent with the approximate value of about 2.2 MPa m®>
extrapolated from the fatigue crack propagation curve reported in Fig. 9(b).

SEM fracture surface analysis of the specimens reveals different crack propagation morphologies, primarily depending on
the propagation sub-stage (Figs. 12—14). In all micrographs, the crack propagation direction is horizontal, from left to right.
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R AK,,
[MPam®5)
0.10 oo
0.50 o
0.75 o

Table 5: Threshold stress intensity factor range, AK,,, determined at different fatigue ratio, R , values.

Figure 12: Fatigue fracture surface morphologies for R =0.10 : (a) Sub-Stage IIa, (b) Sub-Stage IIb, and (c) and (d) Sub-Stage Ilc.
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Figure 14: Fatigue fractute surface morphologies for R =0.75 : (a) Sub-Stage I1a, and (b) Sub-Stage Ilc.
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At lower AK wvalues, corresponding to Sub-Stage Ila (see Figs. 12(a), 13(a), and 14(a)), fatigue striations are difficult to
observe, and ZrO; nanoparticles act as the primary obstacles to crack propagation. At higher AK values (see Figs. 12(c)
and (d), 13(c), and 14(b)), corresponding to Sub-Stage Ilc, striations become more clearly visible; in addition, dimples are
observed, likely due to the role of ZrO; nanoparticles as nucleation sites for microvoids. The larger extent of both the
monotonic and cyclic zones at high AK allows the material to be treated more as a homogeneous medium than as a
nanocomposite. For R =0.10 and 0.50 , Sub-Stage 1Ib exhibits features characteristic of both adjacent sub-stages (see Figs.
12(b) and 13(b)), supporting its interpretation as a transition regime. In contrast, for R =0.75, Sub-Stage IIb is not clearly
observed, or can be considered negligible, as indicated by both the du/dN —AK curve and the fracture surface
macrographs.

For all the investigated fatigue ratios, fatigue striations are consistently observed, with an approximately constant spacing,
A of about 0.5 pm (see Figs. 12(d), 13(a), and 14(a)). This suggests that, at lower AK values, the formation of a single
striation requites several loading cycles. Conversely, at higher AK wvalues (e.g., atound 13 MPa m®5 for R =0.10 and
10 MPa m®3 for R =0.50, see Fig. 9(b)), each loading cycle approximately corresponds to a unit advance of the crack front.
In some grains, crack propagation occurs transgranularly, and this becomes increasingly evident with increasing AK (e.g.
Fig. 13). Motreovet, at higher AK values, both intergranular and transgranular secondary cracks are observed (see Fig. 12(c),
13(c), and 14(b)).

Considering that: (i) the specimens are tested in the LT orientation, with crack propagation along the rolling direction
(characterised by an average grain size of approximately 250 pm); (ii) the mean striation spacing, A, is approximately
constant at about 0.5 pm for all the investigated R values and AK levels - although striations are difficult to observe at
lower AK; and (iii) the cyclic plastic zone radius, 7., varies with the applied AK - as shown in Fig. 9(b) - it can be proposed
that fatigue crack propagation in Stage II (multilinear regime) is governed by different mechanisms, as outlined below:

- for R=0.10 and 0.50, the influence of ZrO; nanoparticles is more pronounced at lower AK values. As AK
increases, both the monotonic and cyclic plastic radii increase, leading to a condition in which the alloy can be
treated as a homogeneous material rather than a nanocomposite. Consequently, three distinct sub-stages can be
identified within the stable crack propagation regime: the lower sub-stage is dominated by the influence of ZrO»
nanoparticles, whereas the upper sub-stage is governed by the intrinsic microstructural features of the
nanocomposite, primarily the grain size;

- for R=0.75, a different behaviour is observed, characterised by a negligible (or absent) Sub-Stage IIb. At the AK
value corresponding to the change in slope of the da /AN —AK cutve, the calculated cyclic plastic radius equals
the measured striation spacing (see Fig. 9(b)). As a result, a gradual transition between Sub-Stages 1la and Ilc, and

the associated propagation mechanisms, is not observed. Therefore, for this fatigue ratio, only two sub-stages can
be identified.

COMPARISON WITH DATA AVAILABLE IN THE LITERATURE

Static bebaviour
T he static mechanical properties measured in this study are compared with experimental data reported in the literature.
However, most of the available studies failed to investigate the tensile behaviour of Al7075 reinforced with ZrO»
nanoparticles. Since it is rather difficult to find data referring exactly to a nanocomposite with the same composition
and processed by an identical technique as the one investigated in this study, the comparison is carried out using Al7075
matrix nanocomposites reinforced with zirconium dioxide nanoparticles, for which the average particle size differs by no
more than +15% and the reinforcement content is of the same order of magnitude as that analysed here (1.5 wt%),
regardless of the fabrication process.
Experimental data reported by Sharma et al. [39] are analysed herein and used for comparison. The investigated AMC
consisted of an Al7075 matrix reinforced with ZrO; nanoparticles, with an average particle size of 45 nm or less, and was
fabricated using the powder metallurgy route. Four different nanoparticle volume fractions were considered, namely 1.25%,
2.53%, 3.84% and 5.19%, corresponding to 2.5%, 5.1%, 7.7% and 10.4% in weight fraction, respectively. Al7075 alloy
without reinforcement was also used as a reference material. Tensile tests were performed using an Instron 8801 universal
testing machine equipped with a 100 kN load cell, under a constant strain rate of 0.002 s-!. For each nanoparticle content,
three specimens were tested.
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The results are reported in Tab. 6 in terms of yield stress, ultimate tensile strength, and fracture strength, together with the
values obtained in the present study.

STUDY 71O, Z1rO, size O g, o, o,
[wt%] fd [MPa]  [MPa] [MPa]

Present 1.5 40 521 584 557
0.0 337 506 506
25 336 505 486

Ref. [39] 5.1 <45 505 689 684
7.7 479 648 649
10.4 480 631 632

Table 6: Comparison of tensile properties: yield stress, &, v, , ultimate tensile strength, o, , and fracture strength, o , , are reported

for the present study and for literature data from Ref. [39], as a function of ZrO; nanoparticle content and average particle size.

For comparison purposes, particular attention is paid to the nanoparticle content closest to that investigated here, namely
2.5 wt% ZrOs.

At comparable nanoparticle content, the yield stress obtained in the present study (521 MPa) is significantly higher than the
value reported in Ref. [39] for 2.5 wt% ZrO, (336 MPa), corresponding to an increase of approximately +55%. A similar
trend is observed for the ultimate tensile strength, which increases from 505 MPa to 584 MPa, yielding a difference of about
+16%. The fracture strength also shows a marked improvement, rising from 486MPa in Ref. [39] to 557 MPa in the present
study, corresponding to an increase of approximately +15%. These discrepancies may be attributed to differences in
processing routes, nanoparticle dispersion, interfacial bonding, and microstructural features, despite the comparable
reinforcement content and particle size. In particular, the enhanced yield stress observed in the present study suggests a
more effective activation of strengthening mechanisms, such as grain refinement and particle—dislocation interactions.
Moteover, compared to the unreinforced Al7075 alloy, the nanocomposite analysed in the present study shows a substantial
enhancement in static mechanical properties. The addition of 1.5 wt% ZrO> nanoparticles results in an increase in the yield
stress from 337 MPa to 521 MPa, corresponding to an improvement of approximately 55%. Similatly, the ultimate tensile
strength increases from 506 MPa to 584 MPa, i.e., by about 15%. The fracture strength also improves from 506 MPa to
557 MPa, showing an increase of roughly 10%.

These quantitative improvements confirm the effectiveness of nanoscale ZrO; reinforcement in significantly enhancing the
static load-bearing capability of the matrix even at low nanoparticle content.

Fatigne behavionr

To the best of the present authors knowledge , there is no information in the literature concerning cyclic tensile tests and
fatigue crack propagation tests for the examined AMC. Consequently, the comparison reported below is carried out using
literature data related to T6 heat-treated aluminum alloys, considering specimen thicknesses and fatigue ratios of the same
order of magnitude as those investigated in the present study.

As far as cyclic tensile testing is concerned, the fatigue data reported by Oskouei and Ibrahim [40] for an Al7075-T6 alloy,
tested in both uncoated and TiN-coated conditions, are analysed. Flat fatigue specimens with a thickness of 3.175 mm were
machined from rolled plates according to ASTM E466, with their longitudinal axis aligned with the rolling direction. Fatigue
tests were performed using a servo-hydraulic MTS 858 testing machine under constant-amplitude sinusoidal loading at a
frequency of 15Hz and a fatigue ratio of R = 0.10. Considering only the results related to the uncoated specimens, for the

above aluminum alloy, the number of reversals to failure, 2N, is plotted against the applied stress amplitude, o, in Fig.

15, along with the corresponding Morrow-corrected Basquin fit. The S—N curve of the nanocomposite is also shown for
comparison.

The comparison shown in Fig. 15 highlights a significant reduction in fatigue strength for the AMC with respect to the
conventional Al7075-T6 alloy over the entire investigated life range at R =0.10. At a given number of reversals, the
nanocomposite systematically exhibits lower stress amplitude values, indicating a detrimental effect of the reinforcement
under cyclic loading. This behaviour can be interpreted in light of microstructural considerations, as the presence of second-
phase particles may promote fatigue crack nucleation. In this regard, DeBartolo and Hillberry [41] demonstrated that, in
several aircraft aluminum alloys including 7075-T6, fatigue cracks predominantly initiate at constituent particles, particulatly
when they are cracked or clustered, and that these features can be treated as intrinsic initial flaw sizes governing fatigue life.
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The observed reduction in fatigue strength in the reinforced alloy may therefore be associated with an increased density of
such microstructural heterogeneities or with an unfavourable particle distribution, which enhances the probability of crack
initiation. Furthermore, the steeper slope of the S—N curve for the nanocomposite suggests a higher sensitivity to fatigue
damage accumulation, while the larger scatter of the experimental data indicates a certain degree of microstructural
variability, likely related to particle distribution and matrix—particle interactions.
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—+— Oskouei et al. (2011)
—e— Present study
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Figure 15: Stress amplitude, o, , as a function of the number of reversals to failure, 2N ,, at R =0.10, as reported in Ref. [40], where

each data point represents the average number of reversals to failure at a given stress level. The blue solid line represents the Morrow-
corrected Basquin fit. For comparison, the experimental data and fitted curve obtained in the present study (see Fig. 7) are also included.

As far as fatigue crack propagation testing is concerned, a comparison can be established between the investigated AMC
and heat-treated aluminum alloys, based on the results reported by Newman and Walker [37] for an Al7075-T6 and by
Borrego et al. [38] for an Al7050-T6.

In Newman and Walker [37], the fatigue crack propagation tests were performed on an Al7075-T6 aluminum alloy using
both compact, C(T), and middle-crack tension, M(T), specimens machined from thin-sheet material with a thickness of
2mm. The specimen geometries were consistent with the ASTM E647 standard for fatigue crack propagation testing. The
experiments were carried out under constant-amplitude loading conditions at fatigue ratios R =0.10 and R =0.70. Crack
growth was monitored using compliance-based techniques, including back-face strain gauges and crack mouth opening
displacement (CMOD) gauges, integrated within an automated crack monitoring system. The loading was applied using a
servo-controlled fatigue testing system capable of maintaining the desired load history.

The da/dN - AK data for both this alloy and the examined nanocomposite are reported in Fig. 16, where only the curves
obtained from C(T) specimens are shown.

Fig. 16 highlights a comparable fatigue crack propagation behaviour between the investigated AMC and the Al7075-T6 alloy
reported in Ref. [37], although some differences can be observed depending on the fatigue ratio. At R =0.10, the agreement
between the AMC data and the literature trend appears to be particularly good, with the experimental points closely
following the reference cutve over a wide range of AK. This suggests that, under low mean stress conditions, the crack
propagation mechanisms in the AMC are well described by those observed in the conventional Al7075-T6 alloy. Conversely,
at higher fatigue ratios (R =0.70 for Al7075-T6 and R =0.75 for the AMC), although the overall trends remain similar, a
slightly larger deviation from the reference cutve can be observed. In this regime, the Al7075-T6 alloy exhibits a more
pronounced multilinear behaviour with three distinct sub-stages in the Paris region, whereas the AMC displays a smoother
response with only two sub-stages. This difference may be associated with the influence of the reinforcing phase, which can
modify the crack propagation mechanisms and reduce the transitions between different propagation regimes, particularly at
higher mean stress levels.

Borrego et al. [38] carried out fatigue crack propagation tests on an Al7050-T6 alloy, obtained through a T6 heat treatment
involving solution treatment, quenching, and ageing. The experiments were performed using middle-cracked tension, M(T),
specimens with a thickness of 6 mm, extracted from rolled plates in the longitudinal-transverse direction. The specimen
geometry and testing procedures complied with the ASTM E647 standard for fatigue crack growth measurements. The tests
were conducted under constant-amplitude loading using an Instron servo-hydraulic, closed-loop testing machine with a
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capacity of 100kN, equipped with hydraulic grips and a computer-controlled data acquisition system. Crack length
measurements were performed using a travelling microscope with a resolution of 10 pm. The tests were carried out over a
range of fatigue ratios, —1.0< R <0.5. The loading frequency adopted for the fatigue tests was 25 Hz, with reduced
frequency (0.5 Hz) during specific acquisition cycles for detailed load—displacement measurements.
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Figure 16: Fatigue crack propagation rate curves (da/dN vs. AK) at R=0.10 and 0.70, as teported in Ref. [37], and R =0.50 as

reported in Ref. [38], where only the trend lines are shown, rather than the original experimental points. For compatison, the
experimental data obtained in the present study (see Fig. 9) are also included.

The da/dN - AK data for both this alloy and the examined nanocomposite are reported in Fig. 16, whete only the curve

obtained for R =0.50 is shown.

The comparison between the red curve, corresponding to the Al7050-T6 alloy reported in Ref. [38], and the red experimental
points of the present study reveals a very consistent fatigue crack propagation behaviour. In particular, both datasets exhibit
a clear multilinear trend within the Paris regime, characterised by two distinct transition regions (from Sub-Stage IIa to Sub-
Stage IIb and from Sub-Stage IIb to Sub-Stage Ilc), which occur at comparable AK and da / dN values. The experimental
points closely follow the literature trend over the entire investigated range, indicating that the crack propagation mechanisms
governing the AMC are strongly aligned with those of the Al7050-T6 alloy. This agreement suggests that, despite the
presence of reinforcement, the dominant fatigue crack growth processes remain similar, and the transitions between
different propagation regimes are not significantly altered. Minor deviations observed at lower AK values may be attributed
to microstructural differences or experimental scatter, but they do not affect the overall consistency between the two
datasets.

Based on these experimental results [37, 38], it can be concluded that ZrO» nanopatticles in the AMC play a role analogous
to that of intermetallic phases in heat-treated aluminum alloys, contributing to an enhanced resistance to fatigue crack
propagation.

CONCLUSIONS

n the present study the fatigue behaviour of an Al7075 matrix reinforced with 1.5 wt% ZrO, nanoparticles has been
investigated through a comprehensive experimental campaign including static tensile tests, cyclic tensile tests and
fatigue crack propagation analyses. Based on the obtained results, the following conclusions can be drawn:
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- The investigated nanocomposite exhibits high static mechanical properties, with a yield stress of about 521 MPa
and an ultimate tensile strength of about 584 MPa, confirming the effectiveness of ZrO; nanoparticles in
strengthening the aluminum matrix;

- The S-N results show a noticeable reduction in fatigue strength compared to conventional Al7075-T6 alloys. SEM
observations suggest that this behaviour may be related to local stress concentration effects promoted by
microstructural heterogeneities, such as non-metallic inclusions, which can favour preferential fatigue crack
initiation;

- The fatigue crack propagation behaviour is characterised by a multilinear trend in the Paris regime. For fatigue
ratios R =0.10 and R =0.50, three distinct Sub-Stages (Ila, IIb, and Ilc) are identified, while for R =0.75, only
two Sub-Stages (IIa, and IIc) are observed, indicating a reduced transition regime at higher mean stress levels;

- The transitions between the sub-stages are strongly correlated with the evolution of the monotonic and cyclic plastic
zone sizes, as well as with the interaction between the crack tip plasticity and microstructural features;

- Fractographic analysis confirms the transition from brittle to ductile crack propagation mechanisms with increasing
AK, highlighting the role of nanoparticles as both obstacles to crack growth at low AK and as nucleation sites for
microvoids at higher AK;

- A good agreement is observed between the crack propagation behaviour of the investigated AMC and that of
conventional heat-treated aluminum alloys reported in the literature, suggesting that ZrO» nanopatticles play a role
analogous to intermetallic phases in governing fatigue crack propagation mechanisms;

- The combined analysis of fatigue lifetime and crack propagation provides a comprehensive description of the
damage evolution process, representing a valuable contribution for the calibration and validation of fatigue models
for nano-reinforced aluminum alloys.
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